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I. Introduction

)uring, this report ing pe'riod ( 11-0t-!91 to 1-31-12). :we have ,onY ilII , l, Ie st i ,ul "'

pr'i1ol'Jri;tIIjc chatracteristics of 1 1C :netal Cgrating coupdle IH)Ind-to-Ifl1 jilaIl HITNI) ;nd

step-1,rid- to-nun ibanid (S IIT.) transition inultiqpiantunivehl(.NlQ\V)/s: a ;rI;Lttic, I C

b,;rrier ifrared (1R) detectors formed on the GaAs and I)l sul)strates for S - 12I ;'- focill

plIe ;,rravs and image sensor al)plications. Specific tasks performed incl(led: (I) designed

;iutd grown severml (B'TM) GaAs- and (SBT.I) InGaAs-basedI Q\VIP (q(iiantum-wel infrared

pIliotodetector) structures by MBE technique, (2) fabricated the metal grating couplers on

the QWIP's described in (1) with different granting periodicities (1.1, 3.2,5, 7.2, and 10 pim)

and patterns (line and cross gratings), (3) performed theoretical and experimental study of

the light coupling quantum efficiency vs. grating periodicities for the QWklPs, and (-1) per-

forned theoretical and experimental study of the (lark current vs. temperature for t lie GaAs

QWIP's. Detailed results are discussed in Section Il.

\Ve have grown two types of BTM and SBTM transition InGaAs QkVlls by using

the molecular beam epitaxy (MBE) technique. The SBTM Q\vIP uses a lightly strained

l1o.07Gao.93As quantum well with a short-period superlattice Alo.40au.c As/Ga As barrier

grown on GaAs substrate, and the BTM Q\VIP uses an Iil lattice-matched enlarged

Ino..1Gao.saAs quantum well with a short-period superlattice Ino..,Gao. 5,As/In, 7 .;as

barrier grown on InP substrate. The results for the SBTMI QVllps showed that dark current

at 77 K was 10 times lower than the conventional QWIP reported in the literature. anid the

BTM QWIP showed a largely enhanced intersubband absorption at 10.73 pin (deionstrated

for the first time in InGaAs). The detectivity for the SBTM Q\VIP structure tuacsured at

Brewster angle was found to be 2.1 x 1010 cmvrffI/l" at 1' = .5 V and T = 63 K. To in-

vestigate the performance characteristics of the InGaAs B3.\i Q\VI Ps, we have grown three

lnP-based BTM QWIP's structures with three dopant concentrations used in die inGaAs

quantum wells (i.e., undoped, 5 x 10" . and 2 x 10s cm-3 ). Device fabrication oii thse v'afers

is currently being undertaken, and measurements of the performuance characteristics wiil be

carried out in the nexte reporting period. To develop the planar metal grating coiiplers

for the top and back illumination on the Q\VIPs. we have designed and fabricated S new

photomasks with different grating patterns and periodicities. "' new masks ;re ci nl



lwiii!! lis((I in ie p f: roposed.f studiy ofl Inzit col l)12i.~ eIfiiicy !ill .riwi :m h

;r~ it cQW11"S.

If. ACh ievemlenfts and Publications

S5peciftic arrorn jishlius and publicat ions are suitni ma rize as fol lows:

2.1 Research Accomrplishmiients:

# Performecd a theoretical anld experimental studly oft lie light coupling, quantumil efficiency

versus grating periodicitics for the planar metal grating coupled GaAs/AIGaAs QWI1's

under normal incident illumination. A peak coupling quantum efficiency of 11 V~ was

ob~tained for the .5 /ifl grating periodicity. Five (differenlt grating periodicities wit hi.

1.1. 3.2, 5, 7, and 10 ym were used in the present study', and thc results ;Ire dliscussed

in Section 3.1.

* Performed theoretical and experimental studies of the dark current versus temperature

and bias voltage in the BTM and SBTM1 QWIPs. The results reveal thiat therinionic

emission is dominant current conduction mechianismn at higher temp~eratulres (e.g... T >

60 K) and the resonant tunneling current prevails at low temperatures (e 0 < 4

K'I. Excellent agreement between our theoretical calculations and experimental data

wvas obtained for both detector structures. A paper on this study has beeni submitted

to Journal of Applied Physics for publication. Details of this study are discussed in

Section 3.2.

* Performed cross sectional Transmission Electron Microscopy (TEM) analysis onl Several

BTM.% and SBTM QWIP structures. A typical cross sectional transmission electron mni-

croscopy (TENI) photograph for an InGaAs qjuantumn well/ [if Mls- nG~aAs superlatticc

barrier QWIP is shown in Fig. 2.1.

*Performed the dark current, absorption, and photoresponse measurements on the

SBTM Q\VIPs. A reduction of the (detector's (lark current by a factor of 1 0 over

the conventional QWIP hias been achieved in this detector. The detcctivityv fr this

SBTMN QWIP measured at Brewster angle was found to be 2.1 x 1010 cin/IF1V at



= V and T = 6:3 K. A paper on this Q\.IP's will he publishedi ii lI Iebri av

issue of Appi. Phys. l.ett. (1992).

Desitned and grown an lill lattice-inatched lnGaAs quaiantuin well with short-period

swiperlattice IlAl:s/InGaAs barrier QWVIP structure with three different doping con-

centrations in the quantum wells. The intersubband optical absorption property in

this Q\VIP has been studied. A strong intersubband infrared absorption at room tem-

perature and A = 10.73 pim has been observed for the first time in this structure.

An integrated optical absorption strength of I,, = 19.5 Abs-cm- 1 was obtained at

the Brewster's angle OB = 74.50, which is about five times larger than that of the

conventional single bound-to-bound transition. The results clearly indicate that the

enlarged quantum well and the broad miniband are superior for large infrared absorp-

tion and detection. A paper on the intersubband absorption in this detector structure

has been published in Appl. Phys. Lett, Nov. issue, 1991. To evaluate the perfor-

mance characteristics of this new detector structure, we have grown three QVIPs using

this structure with different doping concentrations in the InGaAs quantum well (i.e.,

undoped, .5 x 10"', and 2.2 x 1018 cm- 3 ). Device fabrication and characterization on

these three QWIP samples will be made in the next reporting period, and the results

will be discussed in the next quarterly report.

2.2. Journal and Conference Papers:

1. Larry S. Yu and Sheng S. Li,"A Low Dark Current, Iigh Detectivity, Grating Cou-

pled AIGaAs/GaAs Mulitple Quantum Well IR Detector Using Bound-to-Miniband

Transition for 10 pm Detection,"Appl. Phys. Lett., 59 (11),I).1332, Sept.9 1991.

2. Larry. S. Yu. Sheng S. Li, and Pin Ho "Largely Enhanced Bound-to-Miniband Ab-

sorption in an InGaAs Multiple Quantum Vell with Short-Period Superlattice In- I

AIAs/InGaAs Barrier" Applied Physics Lett., 59(21), p.2712, Nov. 18, 1991. 0

3. Larry S. YU, Y. H. Wang, Sheng S. Li and Pin Ho,"A Low Dark Current Step-Bound-to-

NIiniband Transition InGaAs/GaAs/AIGaAs Multiquantum Well Infrared Detector,.

Appl. Phys. Lett., 60(8), 24 Feb., 1992. e $ -
iy Codes

,, - Avail and/or
Dist Special



Lairry S. Yiu. Slieig S. Li. Y. 11. %Vajg. ;111l V.C.I;to:. St ai(l 1 het ( X.lipfiii E'Iii-

c~rcvversus C rat lag Period icity in A\ Normnal I ncident ;A~; Cas~ itip~iitn

\%VeIl Infrared D~etector," submitted. .J. Appi. Phys.. Jian. 9. 1992.

.Larry S. Yii, Sliciag S. Li, anad Pin Ilo. - Obervation of Large Intra-stibbatid Absorptioii

iii art In~aAs Multiple Quantumn \\!ell with Shiort-Pcriod Suipcrla-tticc lnAl:s/ lit GaAs

B~arrier," paper to be presented at the SPIES 1992 SYMP'OSIUM.1 oti Quantumn Wells

and Siipc rl tices, Somerset, NJ, 23-27 Mlarch,1992. Paper to beC ippeared in cotif.

proceeding.

6. Sheng S. Li and Larry S. Yu,"A New Class of Bound-to-Miniband Transition III-\'

Multiquantumn WNell Infrared Detectors," paper to be presented at I/ic Gonference oni

Infrared Detectors and focal Plane Arrays at QE/A1e-rospace Sensing 92,'" Orlando, FL.,

April 20-24, 1992. Paper to be published in the conference p)roceedling".

2.3. Workshop and Conference

1. Dr. Li plans to attend the Innovative Long- lVavelength Infrared Detcctor W~orkshop,

to be held in (JPL) Pasadena CA, April 7-9, 1992.

2. Dr. Li plans to attend and and present a QWIP paper at Ihc Interna(tionail Conference

on iVarrow Gap Semiconductors to be held at University of South Hampton. U3K, July

19-23, 1992.

3. Dr. Li has been asked to give an invited paper at the Interntiorial II? Detector

WVorkshop, to be held in Vancouver, Canada, September 7-10, 1993.

2.4 Interactions with Industrial Research Laboratories

1. Continued collaborating with Dr. Pini Ho of General Electric Co., in Syracuse NY to

growv the III-V multiquantumn IRI detector structures for us by molecular beam epitaxy

(MBE) technique. The results so far have produced several journal and conference

papers. Several new QWIP's have been grown recently, and will be proccssed into

devices in the next reporting period for evaluation.
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2. 1111 V.Iri ,llI;Iborait~i n wit Ili I) r. Y'. ('.lao oil t Ie gwl - qa ;I Mim-wll I * t for

4trii(1t1ilr(s I)-lil l. teciiiqie. \V(- 1)I111 to coIIIillile Ohis coil;horatiom. ;trid new-%

will I)(, senit to I)r. lKdo to --rowv Ihe newv QW1I' strricture~s for us.

31. Conti nmned col lab~orating and~ exclhangi ng technical ill formlat oll a111(1 1 R detector pa pers

with 1)r. B~arry fevinc of A r k TI [Bell Laboratories. V Ii ave rcceit ly set.l several of

our QWI Ps sainples to l)r. Levine for evaluation of thne )erforrma ce characteristics of

our QWII's. We e'xpect thiS collboration and exchanige of iinformnatioin to strengthen

in the months ahead.

III. Technical Results and Discussion

3.1 A Study of the Coupling Efficiency versus Grating Periodicity

In A Normal Incident GaAs/AlGaAs QWIP's

A detailed study of the dependence of coupling qjuantuml efficiency on the grating pcri-

oclicity of a planar metal grating coup~led I3TM transition GaAs/AcilaAs QWIP'Shas been

made in this wvork. Five samples with different grating pcriodicities of A = 1.1 ,3.2, 5, 7,

and 10 pm have been used in this study. The results shiowed that the device with a .5 /tm

grating periodicity yielded the best front side coupling effciency, wvhich is in good agreemc2mnt

wvith our theoretical prediction. A single pass quantum efficiency (qi) as high as I11 % was

ob~tained for the front side illumin~ation at AP = 9.pjm adT=77X

There has been a considerable interest in the edge illumninated long wavelength quanitum

well infrared photodetectors (QW]Ps) and modulators in the atmosphieric windowv of 8 - 12

/Im'. Several studies on the phase modulated reflection metal gratn ope W,

and arrays using a back side illumination have been reported. 1.- Recently, we have

dlemonstrated an amplitude mnodulated metal grating coupled AIGaAs/GaAs QWJIP wvith a

front normal illumination' 8 2 0 . A thin (0.1 pm) metal grating contact structure is formed oil

the (detector surface to serve both as an effective infrared light Coupler anid &.s ohmic contacts.

Thne main advantage of using a metal grating structure is that time vector of electric field onl

the metal grating is always p~erpendicular to thme metal stfacewhich is essential for enhancing

the intersubband absorption in the quantuin well detectors. Using a .5 prm grating p~eriodiicity,

5



;' v,1k ',-ectivitv I" = 1.( xlO1( c1 m //// " has I'en ,,, ;ainedI i .\; , T") 1, ; , "

- 77 K with front side nonal illumination. 'This simplc but e€xtr,'11,cly Iilifori.ld IlaI ar

rizetal grating coupled structure is indeed highly desirable for ise i II ic Iarge ar,;e iii franre'

,letector arrays and im;,ge sensors.

It is well known that electric dipole matrix element existing between the ibbanlds of

a qpantum well is relatively large. However. since only the component of IR radiation with

electric field eL vector perpendicular to the quatul well layers will give rise to intersubband

transition in the quartum wells, ito intersubband infrared absorption in the quantum wells is

expected in the ordinarily bare surface at normal incidence. Even tilted 730 at the Brewster's

angle, due to the large refractive index (n = 3.3) of GaAs and the anisotropic character of the

absorption, only a small fraction, cos2 (OB)/sin(OB) = 9%, of the total transverse magnetic

(TM) field intensity can be absorbed. In fact, the practical net absorption is only about

41%. For a large and uniformed surface illumination, a textured difrraction surface. or metal

grating, is needed to induce the perpendicular electric field component for intersubband

resonance2 1.

The key parameter which controls the coupling quantum efficiency of a planar metal

fgrating structure under normal incident IR illumination is the grating periodicity. In general,

the coupling quantum efficiency is a strong function of the grating periodicity for a given

wavelength. The amplitudes of the transmitted wav'es and the diffractced angles could vary

significantly with a change of thcgrating periodicity. Therefore, the performance of a QWIP

can be greatly influenced by varying the grating periodicity for the top contacts in the

detector. The purpose of this paper is to conduct a theoretical and exper~mcnta study of

the relationship between the coupling quantum efficiency and the grating periodicity in a

norr.ial incident GaAs/AIGaAs quantum well IR detector at 8 - 10 /tin wavelength range.

The results of this study should be useful for designing the normal incident metal grating

coupled QWIPs for long wavelength infrared focal plane arrays and sensing applications.

The GaAs/AIGaAs QNVIP structure was grown by using the molecular beam epitaxy

(MBE) technique. The growth sequence for the GaAs/AIGaAs QWIP's structure started

with a 1.0 jim buffer layer of n-GaAs (1A x 10's cm -3 ) grown on a semi-insulating (S.!.)

GaAs substrate. This was followed by the growth of a '10-period of rnultiquant 1nm wells

6



with alternating doped (n = 1.. x 1018 cl:i) GaAs qjuantum well Iaer width of 3!) a inI

,1Illoe)Cd /l/ 0. 7.A. barrier layer width of 190 A. Finally, a I (aAs cap layer of 0.-1

/an thick and dopant density of 2.0 x 10" ( 7? - :3 was grown on O of the multitallttln11111

well layer structure. TO facilitate the photocurrent measurm(nts, the mesa-etched detector

arrays were made on the highly (loped (aAs buffer layer. The area of each detector is 200

x 20(0 pr 2 . The ohmic contacts were formed by evaporating Au-Ge/Ni/Au films on the

heavily-doped GaAs layers. A set of metal grating contacts with differcnt pcriodicities of

1.1, 3.2, 5, 7, and 10 im were deposited onto the n+-type GaAs cap layer by using electron

lhean evaporation to form the top ohmic contacts.

As shown in Fig. 3.1, it is assumed that the metal strips in the grating contact structure

have a large electrical conductivity o, and a negligible thickness (h - 0). The metal is

equivalent to a lossy dielectric with relative permittivity c 1= + ir/cow. When a normal

incident infrared light is impinging upon the grating surface, the corresponding transmission

magnetic field in the GaAs/AIGaAs quantum well region can be expressed by 22

0*

H,(y,z) = Tek' + F, Tcos(8my1/A)er (1)
mii

where To is the zeroth order transmission coefficient, I. is the Gamma function of order m,

and Tm. (m = 1,2,...) is the high order transmitted wave amplitudes which can ibe written

as

2= " W -+(kK+r2 ,, = 1,2,... (2)V 2r2,(k + r2,,)"
K+(k)(k + r2,-,)

T 1 )(2n - 1)=r 2.,K+(r 2 _,)t, n = 1,2,... (3)

where t is the transmission coefficient at the GaAs surface and K+ is given by

+II + r,_, 2 -(, )f't w+'2nm 2-1

The grating coupling equation for the forward-diffracted (transmitted) waves cat) be

written as23

nisinO!') = nosin0 i - -sin

where no and n1 denote the optical refractive indices of layers above and beneath the grating

layer, respectively, and are given by no = V/o and n1 = V/ ". The cutoff periodicity A for

7



i iIV! Yitti, tIiffratt( mrode for ai giveni irncidcera tfigic. o) cat be c'sttilma( by i:1iiig 1I14. e'b.t iou

=4oi~ - I ,I in = 0..2.. ((

wlhere A is the incidcnt wavceength, c, is the dielectric constant of Ga,\s whihr is ql

to 10,7, Sitbstittig [??] ifito 1Ej.(6), the first threc cutoff periodicities for the iideiit
wavelciigtli of 9.8 pmt mnder niormal incidence were found to be roughly cquil to 3, (6, indi~ 9

/onr, respectively,

Thle anglc dependence of the intcrsuhband optical absorption coefficient a as a futnction
of the mth difrracted angle 0'" in the multiple quantumn well layers can beC fouind by using

thec relation2

9 2-08(7)

where me is the electron effective mvass for GaAs; p is the permeability; L'tV is Ltceffe.ctive

width of the infinity potential quantum well which is slightly larger thant the finlite p~otential

well width; c is Lte speed of light in free space; I is the relative transition probability between

the ground state and the minilband state which is given b~y

I = / dE (Z) 2 ( - f2) r (8)
or (E2- El - Exh- hW) 2 + (1'12)'

wheire 21"12 is Lte intersiabband full width at half maximumt (WIIM); ()is Ohe dlipole

matrix clement; E,,h iu the exchange energy due to Lte high doping concenitratioti; f,2 is

the Fermi function given as fl2= [1 - ezp(E,,2 - Ej,)/kTJ'; E, is the Fermi level; k is the

lBoltzman constant; E, and E2 are the energy cigenvalues of the subbands in Lte quiantum

%veil, which can be found by using the transfer matrix method'5 . For our present strticture,

Lte parameters used in the calculation arc: E, 96 meV, E2 = 210 ImeV, E,,h = 10 meV.%I E1

= 102.8 MeY, 713 = 3.3, in' = 0.06.5 in0, IdW=62 A, 2r',2 = 20 meV, ind T = 77 K, Fig,3,2

shows the calculated angle decpendence of Lte intersubband absorption coefficient O(A, 0,)
under diffracted angles 0, = 90, .50*, and 2-550 respectively. lThe photocurrent responxivity

R,% of thc multiquanitumn well it detectors can he expressed ats

IA(A) = j7(A) -CAG (/11)()

where c is the electronic charge; G is Lte photoconductive gain; il is the detector's (quantum

8



q10)

,.ficicncv€ VfiiCh ('; t I fl, I'Iiiiefl Iby tsi, jig€ IIC?(i'e4r(i

whe-re I is owhe otii letiigtl, of the superlattic! aIbsorption regiom. A facto:r or i/2 ihi friot o

I.h. Y'ilinatioii lbove is included to account for the reduction of an inpolariza 'lighlit. s-oti rce.

Bv slbstitutinig lF.qs. (2), (3), and (6) into (9), we obtain a normial iucidet, sitigh pimss

wlautum e'ificiency of 1 '%, 1.4 %, and 8.3% for the samplet with grat ing periodicit ics of 5,

7, artil 10 iim, respectively, at the peak wavelength A,, = 9.8 pm and oprating temperatire '!'

= 77 K. When an incident light is polarized along the direction perpendicular to the grating

strips, the qiantlim efficiency will increase by a fact of two, which yi(!Idg i = 22 % for a 5

pin grating coupled lit (e-tioctor tinder the front side illumination. We shall next dliscuss the

results of otir measurements on these QWIPs samples.

Figure 3.3 shows one of the fabricated planar grating patterns, which has a grating

ixeriodicity.equal to 5 ptm. Measurements of detector performance and c:haracterist.ics were

mnade in a close-cycled liquid-helium cryogenic dewar. The photocurrent was mieasured as

a function of temperature, wavelength, and applied bias, using at Cv Laser l)igikrom 2.10

monochromator and an ORIIEM ceramic element infrared source. Dute to the very large device

resistance and very small values of dark current Id present in the device at 77 K, the short-

circuit measurements were used to determine the photocurrent 4h I'. Since the metil surface

only has a normal electric field vector, the z-component of the lit radiation, Z,., iszero in the

highly conductive regime. Therefore, the IR beam is spatially modulated in the near field of

the grating, and has a z- component of the electric field C, which cani induce perpendicular

excitation of intersubband resonance. It is noted that the optimal grating periodicity is

obtained for a grating periodicity which is neither too small nor too close to the incident JR

radiation wavelength. Ve have found that a grating periodicity of A = 5 pm igives the best

fronut coupling efficiency, followed by 10, 7, 3.2, and L.l/m. This it illutrated in Figure 3.I

for the grating enhanced intersubband excitation at normal iticideui e. h'lle peak wavelengt hI

was found around 9.8 pin with its cutofr wavelength around 10.8 pim at T = 77 K. "'he.

bIackside illuinination experiment was conlucted by illumin atilg tle ifirr"IreI light 1hr-ough

the S.I. GaAs substrate surface. The results revealed that the inasiirc-:ld reSpon iviies for

the tested samples are quite similar to those of the front illhiiiuate, samples for most of

9



flit! grating J)(riit io.,cs, However. the re.slts also showed that, 1hr 7 /i/ grat ing pirilicity

yifIl!e the best. 'otiphing 1.fiiency for t he backsidce illitiriat ion.

We also mfeasired the angle d'li,('Ilce or the Iphotoctirrenit in wir grati.ng co ilol ,'

(';1As/AIGf'LAs (jIaJtum well lIL detectors. Fligure :1.5 shows h(. r,,'lative t)hloi rri'i.t AS

a f,,rcmtios of Ihe incident lglc 0, for the, detector ,sig it 5 ,ptI grating coiiIler. Similar

iricasirernent was also performed for the device with a 7 jam gratitig couple~r, and lie restilt

is shown in Figure 3.6. The relatively slow variation with respect to the iitilt angle

indicates that there are more than one higher order modez passing throuigh the gratilig slit.

arid propagating into the quantum well layers, or the first transmitted TM mode is far from

the cutoff frequency. The results further suggest that the high conducting metal strip grating

can be used effectively not only as a high-efficiency transmission couipler for front side iiorml

illijmination buit also a an efficient reflection coupler (or the backside illuinitatioti.

The advantages of using the front surface grating structure include: (I) it can ,.liminati,

the undcsirable cross-talk in the detector arrays and clear the infrared image fron the efrect

of mdtiple images; (2) the planar metal gratings, unlike deeply etched spatial gratings,

offer extremely thin and smooth surface quality, which is good for surface passivatioi aid

anjtireflection coatings; (3) the planar structure is also highly desirable for large integration

and high-speed applications; (4) the strip-metal grating coupler structure doei o.. need

extra ,epitaxial layer (whow thickness is usually much larger than the active inlti.qiiantiIm

well layer itself) for chemical etching. Therefore, it can significantly cut down the molecular

beam cpitaxy (MBlE) growth time and material exhaustion. Therefore, a new type of low

cost, high yield, and large area long wavelength infrared detector array can be realized by

using our metal grating coupled GaAs/AlaAs MQ\V detector structure.

In conclusion, we have performed a detailed theoretical and experimental study on

the effect of grating periodicity on the coupling quantum efficiency in Lie normal incident

planar metal grating coupled GaAs/AIGaAs quantum well IR (letet :tors in the 8 - 12 /iti

wavelengths. The dependence of the responmivity and quantum efficiency on the gratiig

periodicity for these Ilt detectors have been investigated, l'he results showed that the optimal

grating periodicity for these MQW Ilt detectors is about 5 pin ror te: front side uormal

illumination and 7 pin for the backside illumination case, A single pass (iantimli efficiency

10



hs Iigh as II % has hVII Jchicve(1 for tie.5 iTn grating coupled CaAs/:\ I;a:\s M. wQ i afra red

(lM.ector, which is ii good agreement with otir t horetical predictin. T1II ( advaiit a-s of Iiigh

iiiiforinity, low cost., high yil, and elimination of cross-talk offered by using a planar mtal

grating coupler striucture are esswitial for developing high quality ;;CAs/AlGa:\s QWI l

arrays and image s'nsors for long wavelengtlh infrared applications.
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Fig.2.I Cross sectional transmission electron microscopy (TEM) photograph for
an InGaAs (110 A) multiquantum wells with short-period InAlAs (30 A)-
lnGa.As (46 A) superlattice barrier QWIP's.
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Figure 3.1 Configuration of a front incident strip metal grating coupler on a GaAs/AIGaAs

multiple quantum well IR detector structure: (a) side view showing the grating peri-

odicity A and diffraction angle 0, (b) top view of the grating modulation plaines with

alternated high conductivity (aL,) and low conductivity (a,) regions.
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Figure 3.2 Calculated diffraction angle dependence of intersubband absorption o[0,] (cm- )

in the multiple quantum well layer.
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Figure 3.3 Top view of the fabricated AuGe/Ni/Au metal grating pattern with a 5 Irm

periodicity and a 200 x 200 ,im2 area for front side light coupling and ohmic contact.
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3.2 Theoretical and Experimental Studies of Dark Current in the Q\VIPs

In a quantui well infrared photodetector (Q\VI F's), tle dark current Tid\ I, e ;ri,',l

,ither from the thermionic emission or tunneling conduction. iind must be kept very low iII

order to achieve excellent signal to noise ratio performance in such a detector. Therefore.

it is extremely important to be able to predict the bias and temperature dependence of the

dark current in a variety of long wavelength QWIps.

In this section we report the theoretical calculations of the dark current as a function of

temperature and bias voltage in two types of QWIPs. These include the conventional bound-

to-continuum band (BTC) and the bound-to-miniband (BTM) transition GaAs/AIGaAs

multiquantum well infrared detectors (Q\VIPs) [1-5]. A comparison of the calculated and

the measured dark current values for both types of QWIPs is discussed in this section.

To calculate the dark current of a BTC QVIP composed of a 20-period multiquantum

wells having a well width of 40 .4, a 480 4 barrier width, and a doping density in the well of

Ndj = 1.4 x 101SCr-n 3 ( referred to as sample A), we shall first determine the effective number

of electrons n(V) which are excited out of the quantum well [1-21:

n(V) = ( ) f(E)T *TdE, (1)

where LI is the barrier width, f(E) is the Fermi distribution function, n(V) accounts for both

the thermionic emission above the barrier and the thermionically assisted tunneling through

the miniband. The dark current of a Q\VIP is given by

Id(V) = n(V)ev(V)A (2)

where e is the electronic charge, .4 is the device area, and v(V) is the average electron

velocity, which is field dependent and can be expressed as
/ + '5(elgo)4

v(V) = + (3)1 + (E/E")4

where E is the electric field, it is the electron mobility, and E, is the critical field. For GaAs.

I = S, 000 cm 2 / Vs., v, = 7.7 x 106 cm/.-, and E, = 4 x 103V/cm.

For the bound-to-miniband (BTNT) transition GaAs/AIGaAs QWIP's (referred as sam-

pie B, as shown in Fig.3.7), the dark current is dominated by the thermionically assisted
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I. mm (ling conduction through the miniband inside th, quaiit uni wl an I 1i I perl;at hmi }, iri,'.

wheireas the thermionic emission above the superiaitice barrier is I ,le ,,'aief I lie

hjigh barrier (- :390meV) for the BTM QVIP. I'o find the net tunicliiig curreit. we ;,ppl

the formulism [6-8] of multibarrier tunneling to this QVIP's. The current density .J iiiav be

computed as the average of the product of the transmission probability T- T awi the group

velocity, v(k) = h- ' "T E, which is given by

J q dk-, dktf (E) -f(E'T.,j-y-. (.)4 7= - ti. or J

The transverse components of J are equal to zero by symmetry reqplirecnut [6]. Using

separation of variables, the product IT * TI is only a function of the longitudinal energy [],

and the longitudinal component of J becornes

4rqmkT T I + c.rl(Ef - E)/kT] dE, (3)

V or= hTI + cxp[(E! - E- qV.)/k'] d

where V is the bias voltage across one period of sulwprlattice barrier layer. Although vari-

ations of material properties with transmission coefficient T may cause a temperature de-

pendence of T - T, it is far less sensitive to temperature comparing to the carrier energy

distribution function, which is given by

9(E,V) = 4rqmkT[in( I +Cr;(E 1 - E)/kT]
V I + e-;4,(Ej - E, qV.)/kT]).1 (6)

Since the tunneling process involves states in the partially filled. quiasi-continuous con-

duction/valance bands, g(E,V) may vary more strongly with temperature. This variation is

one of the main effects which governs the temperature behavior of the dark current in the

QWI P's.

The bound-state energies of a one-dimensional finite poteiitial well can be solved by

using the time-independent Schroedinger equation. The solution in each region may be

written as
Ogi =,,' -  '+ '  + C- ix -ikix)  (7)

where

A, = A 2 =0.

Ai = k(d2 + d. + ... + di-);

21"i= 3,4,-- ki = -- (-I) /  (8)
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;. , id ,, 'prt.nsts tile aI1 plituId of Ilic w ;,,,(. I)ro i gatiit g a ,1 t'4 1114. -.. ;1i --r

direcrt oi s. respc'tiv C on. ( iti Ii iIit I of t I , wav( fltII:ctiol is ;Ilf itIs 4l ria ', at , a,1 h i t ;i14c .

: S , 2 ,Sl,:r 52

where

1i e-' 6 diS,= l. ( o , 6'

=i-6 e + k,+
r¢i k + /' n

,4= (10)
kj +/,' +I

If we assume region N as the ohmic contact arid ', =0, theun we ran, calcnhi,: t he wave

function in any regions of the device in terms of .Ti.hs, the tranimnission probability can

be written as
T 0 1)tTT= 11(II)

where 0+ is the wave function of an electron tunneling into the ruth quantum well of the

QwIP.

Figure 3.8 and Fig.3.9 show the transmission probability T- T versus electron energy

under different bias conditions for sample A and sample B, respectively. In the calculation.s of

dark current we have assumed that the field is uniformly distributed over the low-conducting

suiperlattice (SL) barrier layer regions. The voltage (Vd) cross each period of suiperlattice

is assumed equal to the bias voltage V divided by the number of SL period. It is obvious

that for sample A at low bias (V <1 V) most of the carriers are escaped from the (iqantum

wells into the continuum band over the top of the barrier, whereas for sample B the dark

current is due to carriers tunnelling through the niiniband inside the q(a u.tam wells an( the

superlattice barrier layer.

22



1igiir. 3.10 slows th i meastired dark ,iirriit. ats a 'tic ion 4  (l)41' r itjr ,  fiW I~a s, v)l.

11ge' for s iiple I wil, ha ar a A = 'I x I a d0" ein 'i :o:l( eelll rat i ioll VI = \', 2 ' .-).'"',

Not(. that a negatve? differential cofIlluit,1C1M wIS ol,.SC.rved for 1' C);et'it r'' I,,.hlw .5 K

illipl'i g that rmoljanIce tunneling current is significant at v'ry low lWitipl-ratlilt',S.

The calculated and measured dark curretit for sample A and .a;Ii;)l 11 are shiowi ill

ig,, I 1I and Fig,3.12, respectively. In the calcilation. we assumed li at the elect roli ,

fr,.! path was long enough for carriers to traverse several )eriods withiout losing 'ohderellc

dije to scattering and neglected its field dependence. At low ias the lark culrrenlt /,I is

expected to increase exponentially with temperature (10] and can be expressed by

I -A (12)

wlere AE is the thermal activation energy, In order to confirm this dependeace. the 1/ vs.

V curvi.s shown Fig.3.11 and Fig.3.12 were replotted as a function of temperature, and lte

results were shown in Fig.3.13 and Fig.3.14 for V = 0.1 V , resji.ecively. From the slope of

this plot we found AE = 105.4 ineV for sample A and .1/:,' = 99.8 mucV for sitimnl, 13, As

expected, both AE are in good agretment with that obtained from Fig.3.S awl Fig.3.9.

Although results of our calculations prewnted in this section showed raeasoalle agree-

rijet with that of the experimental data, further study such its high fielI plitieniorno.,

carrier transport mechanism is needed in order to precisely predict the dark curret in the

QWIPs, and hence allow us to optimize the device parameters. Our next step is to accurately

calculate the parameters of a step-bound-to-miniband (SBTM) Q\VIIP by modifying the pa-

rain'ters for a real device, and design new Q\VIP's structures Iy optf niirug the prcdiclable

parameters.
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SAMPLE A (BTC QWIP)

1

10-8 _

.2 /

1 0-12 _ .

10-16 5V /

10-20

I- 3 10 2 /10-24 -/ 3Vy
/ .

10-28 --.. v

10-3 6 -

.4

10-40 / /
0 50 100 150 200 250

ENERGY (meV)

Figure 3.8 The calculated transmission probability T* T versus electron energy tinder dif-
ferent bias conditions for the bound-to-continuum band (BTC) GaAs/AIGaAs QVIP's
(sample A).
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SAMPLE B (BTM QWIP)
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Figure 3.9 The calculated transmission probability T * T versus electron energy under dif-
ferent bias conditions for the bound-to-miniband band (BTM[) GaAs/A1GaAs Q\'IP's
(sample B).
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Figure 3.10 The measured dark current as a function of bias voltage and temperature for

the bound- to- mini band band (BTNM) GaAs/AICaAs QWIP's (sample 13).
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Figure 3.11 The measured and calculated dark current as a function of bias voltage and

temperature for the bound- to- ni ni band band (BTM) GaAs/AIGaAs QWIP's (sample B).
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Figure 3.12 The measured and calculated dark current as a function of bias voltage and

temperature for the bound-to-continuum band (BTC) GaAs/A1GaAs QWIP's (sample A).
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